Infection of animal cells by a number of viruses generally results in an array of metabolic defects, including inhibition of host DNA, RNA, and protein synthesis, and morphological alterations known as cytopathic effects. For adenovirus infection there is a profound loss of cell structural integrity and a marked inhibition of host protein synthesis, the latter generally assumed necessary to enhance virus production. We examined the purpose of viral inhibition of cell translation and found that it was related in part to cytopathic wasting of infected cells. We show that viral shutoff of host translation promotes destruction of the intermediate filament network, particularly cytokeratins which are proteolysed at keratins K7 and K18 by the adenovirus late-acting L3 23-kDa proteinase. We found that if adenovirus is prevented from inhibiting cell translation, the intermediate filament network remains relatively intact, keratin proteins are still synthesized, and cells possess an almost normal morphological appearance and lyse poorly, reducing the release of nascent virus particles by several hundredfold. Remarkably, in tissue culture cells the accumulation of late viral structural proteins is only marginally reduced if host translation shutoff does not occur. Thus, a surprising major function for adenovirus inhibition of cellular protein synthesis is to enhance impairment of cellular structural integrity, facilitating cell lysis and release of progeny adenovirus particles.
Many viruses mediate cytopathic effects (CPE) in host cells through a variety of poorly understood molecular mechanisms, in some cases culminating in death of the cell (for a general review, see reference 54) . On the other hand, some viruses cause persistent infections and replicate for extended periods of time without producing noticeable CPE. Cells productively infected with human adenovirus (Ad) classically demonstrate a significant CPE which becomes progressively more obvious during the late phase of the viral replication cycle. The late phase of infection is typified by replication of Ad genomic DNA, activation of the viral major late transcription unit which encodes late viral polypeptides, suppression of host and early viral mRNA translation, and preferential translation of late viral mRNAs (reviewed in reference 46). Attendant CPE is manifested by dramatic morphological alterations of infected cells, including rounding, clumping, and detachment from 4he monolayer (reviewed in reference 20) , cessation of cellular DNA and protein synthesis (27) , dissolution of the cytoskeleton (14, 55, 57, 59, 65) , and eventually cell lysis.
The causes of Ad pathogenic effects are not well understood, but appear to involve a variety of different factors depending on whether in vivo infection of animals or in vitro infection of cultured cells is studied. For instance, there is limited evidence that early viral gene expression may be directly cytotoxic in some cultured cells (11, 17, 66a) . There is considerably more evidence, however, that during natural infection early Ad gene expression indirectly causes extensive pathological effects by provoking a cell-mediated immune response directed against early viral proteins presented on the cell surface or by inducing elaboration of cytokines from infected cells (28, 43) .
Immune attack of infected cells obviously cannot be respon-sible for the severe CPE typically evident at late times during Ad infection of cultured cells and may be only one factor that contributes to CPE during natural infection. Ad-mediated CPE could include an extensive collapse of cellular intermediate filament networks, which is mediated by several viral gene products. The vimentin network degenerates about the perinucleus at early times after Ad infection (14, 65) , apparently by activation of a cellular protease triggered solely by viral particles (6) . Collapse of vimentin and lamin networks is also mediated by the Ad early E1B 19-kDa protein in transfected cells (56, 57) . In addition, it has recently been shown that during the late phase of Ad infection cytokeratins K18 and K7 are degraded by the viral late acting L3 23-kDa proteinase, leading to collapse of the keratin network (10) . The disruption of cellular intermediate filament networks would be expected to contribute to CPE by impairing the structural integrity of the cell. Few studies have systematically investigated the basis for severe pathogenic effects that occur during the late phase of Ad replication or questioned the purpose of Ad inhibition of host protein synthesis. Several inconclusive early reports studied the effect of adding high concentrations of late Ad structural polypeptides to cells in culture or to cell extracts (reviewed in reference 26) . A recent study demonstrated that infection of cotton rat lungs by a replication-defective Ad virus that expressed early but not late viral genes caused extensive pathology but less than infection with wild-type (wt) Ad virus (28) . Another (33, 39) . One such line, a rhabdosarcoma (RD) cell line, maintains normal levels of host and somewhat reduced levels (-three-to fourfold lower) of late viral protein synthesis (39) 293 cells were treated with 2AP for the duration of infection, starting shortly after the addition of virus, as previously described (32) . Duplicate plates of cells were then labeled with [35S]methionine, and extracts were analyzed by SDS-polyacrylamide gel electrophoresis (Fig. 2 ) or photographed at various times after infection for evidence of CPE (see Fig. 4 ). The ability of 2AP to prevent Ad shutoff of cell protein synthesis while maintaining high rates of translation for late Ad mRNAs was apparent (Fig. 2) . Levels of cellular polypeptide synthesis (e.g., actin and background bands) as well as of Ad mRNAs which lack the tripartite leader (e.g., protein IX) were all significantly elevated by treatment of cells with 2AP. Immunoprecipitation analysis of selected polypeptides from labeled extracts indicated that preferential translation of late Ad mRNAs suppressed synthesis by severalfold of several cellular and early viral proteins that could potentially protect against cytotoxicity (Fig. 3) . These include the heat shock hsp/hsc 70 proteins (Fig. 3A) , which maintain normal cell viability (reviewed in references 13 and 25), and the Ad early ElB 19-kDa protein ( Fig. 3B ), shown to block cytotoxicity and apoptosis associated with expression of ElA proteins and tumor necrosis factor alpha (30, 44, 58, 60) . Western immunoblot analysis of both hsp/hsc 70 and EiB 19-kDa proteins showed a two-to threefold decrease in steady-state levels as well (data not shown).
Most striking, however, was the large reduction in CPE in Ad-infected 293 cells treated with 2AP (Fig. 4) . 293 2AP is an inhibitor of several protein kinases (19) , and it is therefore not surprising that treatment of cells results in a range of effects, including the ability to override cell cycle control checkpoints (2), inhibition of transcriptional activation by double-stranded RNA and interferon (52, 67) , possible inhibition of the activity of the double-stranded RNA-activated inhibitor (DAI) kinase (35, 67) , and rescue of poliovirus mutant 2A protease activity (40) . It was therefore of concern that the ability of 2AP to prevent late Ad-induced CPE might be a general phenomenon, unrelated to prevention of Ad translation shutoff. This possibility was addressed by determining whether 2AP could prevent CPE caused by poliovirus and influenza virus, both of which shut off cellular protein synthesis. We found that 2AP was unable to prevent CPE caused by poliovirus and, in agreement with a previous report (40) (14, 65) or in the late phase as shown for cytokeratins (10 (Fig. 5 ). Cells were grown on coverslips, infected with wt Ad, and then fixed and processed for indirect immunofluorescence by using an antibody directed against vimentin, which was shown previously to indicate the collapse of these filaments during infection (10, 56) . As expected, uninfected cells possessed a highly organized network of vimentin filaments, which was found to be extensively disrupted during late Ad infection. Treatment of uninfected cells with 2AP for 48 h did not alter the normal organization of vimentin filaments. Surprisingly, infected cells treated with 2AP, which appeared morphologically similar to uninfected cells (Fig. 4) , still showed extensive disruption of the vimentin network. The collapse of intermediate filaments in uninfected cells treated with 2AP was slightly less extensive than that in untreated infected cells, but still was quite significant. We can conclude that the disruption of vimentin filaments during late Ad infection was not sufficient to generate the CPE typically observed. The lack of correlation between collapse of the vimentin network and Ad-induced CPE is understandable, however. Many cells lack vimetin networks but synthesize them in culture, suggesting that the network may not be vital for the structural integrity of these cells (18) .
Degeneration of the cytokeratin network requires shutoff of host translation and Ad L3 23-kDa proteinase activity. An intact cytokeratin network has been shown to be vital for the maintenance of normal cell structure, in that disruption of keratin filaments leads to cell lysis by only mild mechanical stresses (12, 53) . The Ad L3 23-kDa proteinase, which is required at late times after infection for morphogenesis of viral capsid proteins (7, 64) , has also been shown to cleave cytokeratin K18 and probably K7, thereby disrupting the keratin network during late infection (10). We therefore determined whether a primary function of host translation shutoff by Ad is to prevent repair of the proteolysed cytokeratin network, leading to extensive loss of cellular structural integrity and shape.
Recent work by Chen et al. (10) productive virus infection. Most networks were relatively intact, and only slight evidence was observed of intensely staining cytoplasmic clumps, typical of keratin proteolytic cleavage. However, most keratin cables were also not as well defined as those in uninfected cells, again indicative of some disruption.
The biochemical integrity of cytokeratins was next analyzed to determine whether blocking Ad translation shutoff also prevented accumulation of degraded keratin proteins. Insoluble keratin networks were extracted from uninfected and late Ad-infected cells in the absence or presence of 2AP treatment and resolved by SDS-polyacrylamide gel electrophoresis, and individual keratins were identified by immunoblot analysis, using specific antibodies (Fig. 7A) well (Fig. 7B) . The low-abundance K7 keratin is either not present in 293 cells or could not be separated from K8, which migrates in almost the same position. Keratins Kl, 5, 6, 10, and 1 1 are not found in most cultured or transformed cells, so their absence from 293 cells is not surprising in this case (38) . However, it was readily apparent that in addition to proteolysis of K18, the level of K7/K8 was also significantly reduced. It was previously shown that inhibition of cell protein synthesis with cyclohexamide did not significantly alter the pattern of keratin filaments, although the abundance of keratin proteins was not examined (37) . Thus, since K8 is not a substrate for the Ad proteinase, these results suggest that viral shutoff of host protein synthesis coupled to cleavage of K18 likely reduces the abundance of a variety of polymerized keratin proteins.
Disruption of the cytokeratin network facilitates release of newly synthesized infectious virus particles. Previous studies showed that 2AP prevented Ad-mediated inhibition of host translation with only a marginal reduction in the kinetics of Ad replication and the yield of infectious virus particles (32) , which at first seems to be at odds with the absence of cell lysis observed here. However, measurement of infectious virus yields involved release of particles by mechanical disruption of cells, which is typically performed to maximize recovery of mature virus regardless of whether lysis has occurred. The amount of cell-free virus released into medium in the absence of mechanical cell disruption was therefore investigated. 293 cells were infected with 50 4 ,000 particles per cell, a 25 PFU per cell equivalent, given the high particle/PFU ratio for this mutant (10), in the presence or absence of 2AP at 32 or 39.5°C. Cells infected with wt Ad at 39.5°C displayed identical viral growth kinetics as those infected at 37°C (data not shown). Cells were fixed and processed for indirect immunofluorescence, using a K18-specific antibody. Cells infected at 32°C were fixed at 40 h p.i.; cells infected at 39.5°C were fixed at 22 h p.i. 39 .5°C showed a growth pattern identical to that of virus at 37°C, and therefore those data were not presented. At the permissive temperature (32°C) the Ad replication cycle is somewhat delayed, and late phase is not fully developed until approximately 36 h p.i. compared with that at 24 h at 37°C. Nevertheless, at 32°C, infection with Ad2 tsl was indistinguishable from that of wt Ad (Fig. 8) , causing gross morphological alterations and degeneration of the cytokeratin network as observed earlier. At the restrictive temperature, however, there was a striking difference from wt Ad-infected cells (compare Fig. 6 with 8 ). Cells infected with Ad2 tsl possessed only partial manifestations of CPE, including slight swelling and rounding ( Fig. 8B and E) . Interestingly, staining of keratin filaments revealed that the cables were largely intact but poorly resolved. Thus, slight degeneration of the intermediate filament network was evident in the absence of keratin cleavage, similar to that of 2AP-treated cells infected with wt Ad. In cells infected with Ad2 tsl at 39.5°C and treated with 2AP, the keratin network was remarkably well preserved ( Fig. 8C and  F) , resembling that of uninfected cells rather than that of wt Ad-infected cells treated with 2AP. Distinct keratin cables were clearly visible despite productive Ad infection, and cells appeared almost identical to uninfected controls. Accordingly, at 39.5°C, the Ad2 tsl-infected cells only detached from the monolayer quite late in the infection and lysed more poorly than cells infected at the permissive temperature for L3 proteinase activity (data not shown). Precise quantitation of the number of Ad2 tsl particles released from cells under these conditions was not possible, however, given the impaired ability of the virus to form plaques even at the nonrestrictive temperature (10; unpublished results).
DISCUSSION
A primary function for Ad inhibition of host translation was elucidated in this report. Through several lines of evidence it was shown in tissue culture cells that shutoff of host protein synthesis was only slightly (severalfold) involved in selective translation of late viral mRNAs and instead was necessary to facilitate cell lysis and release of infectious progeny virus particles. First, there was a striking absence of CPE in late Ad-infected cells if shutoff of host translation was prevented by 2AP ( Fig. 2 and 4 ) or in cells which are resistant to viral translation inhibition (Fig. 1) . Since only slightly reduced levels of virus particles were synthesized (-two-to fourfold), it was apparent that efficient translation and accumulation of late viral polypeptides did not require shutoff of host protein synthesis and that accumulation of late polypeptides was not necessarily cytotoxic. Second, the absence of CPE was associated with an inability to efficiently release virus particles from infected cells ( Table 1) . The Ad particles retained in cells were fully matured and infectious, as evidenced by the normal yields n obtained if cells were mechanically lysed. Third, the Ad L3 23-kDa proteinase was shown previously to degrade K18 and probably K7 keratin proteins late during Ad infection, leading to loss of cell structural integrity (10) . In Fig. 6 and 8 we showed that degeneration of the cytokeratin network, appearance of CPE, and loss of cell structural integrity only occurred if Ad prevented host protein synthesis. Biochemically, Ad pathogenic effects correlated with proteolysis of keratin K18 and with an inability of the cell to maintain the integrity of the cytokeratin network through continued synthesis of new proteins ( Fig. 7 and 8) . It is important to note that synthesis of keratin K18 alone is probably insufficient to prevent CPE and cell lysis and that other host polypeptides may also be required. Additionally, although cleavage of keratin K18 coupled to translation inhibition is clearly important for CPE, it is unlikely to be solely responsible for the Ad-induced effect.
2AP was shown to prevent Ad shutoff of host protein synthesis by preventing virus-mediated dephosphorylation and inactivation of translation factor eIF-4E, also known as cap binding protein (32, 33) . Unlike most cell mRNAs, late Ad mRNAs appear to require only minute amounts of this factor (16, 51) . However, the basis for 2AP activity in translation shutoff is not known, and several other interpretations of our results should therefore be considered. First, we can currently exclude the possibility that the activity of 2AP was unrelated to its effect on Ad translation shutoff. For instance, it is clear that the L3 23-kDa proteinase was not simply inactivated by 2AP treatment. This proteinase is essential for morphogenesis of viral structural proteins and assembly of virus particles (7, 64) , which were produced at near-normal levels despite 2AP treatment ( Fig. 2 and Table 1 ). Thus, the L3 23-kDa proteinase retained its activity in the presence of 2AP, but large amounts of degraded keratin filaments did not accumulate. Second, it is clear that 2AP did not act to enhance the synthesis of new keratin proteins in uninfected cells (Fig. 7) (23, 36) . Limited evidence from in vitro studies suggests that disassembly may be regulated by specific phosphorylation of certain keratin proteins (9, 63 (10) (Fig. 8) (29, 41, 43) . As shown by Ginsberg and colleagues, the pulmonary temperature of cotton rats is near the restrictive temperature for many Ad ts mutants (28) . These studies demonstrated that Ad early gene expression was sufficient to induce viral pneumonia but that more extensive pathology developed when Ad was permitted to enter the late phase of its replication cycle. Infection of cotton rats with a mutant Ad deleted of the E1B 55-kDa protein, which is required for expression of Ad late genes and shutoff of cell protein synthesis (4, 42) , was reported to produce significantly less pathology (28) . These results led to the suggestion that the shutoff of host protein synthesis might be a critical part of virus-induced pneumonia. Future studies should now more directly investigate the influence of Ad translational control and virusmediated degeneration of the cytoskeleton on the pathogenicity of infection in animal models.
